This paper describes the outline of recent standardization activities for Radio on Fiber (RoF) transmitter by IEC TC103/WG5. RoF transmitter consists of optical fibers, electrical to optical (E/O) converter, and optical to electrical (O/E) converter. IEC TC103/WG5 is working on standardization on measurement method of E/O and O/E devices, and technical specification of RoF transmitter. This paper overviews those standardization activities which are being developed by TC103/WG5 as well as the National Committee of WG5.
Introduction
Recent progresses in wireless communication technologies are remarkable for broadband wireless internet and mobile communication systems. RoF system is widely recognized as broadband wireless signal infrastructure to shadowing areas such as the underground, the subway stations and the inside building. Variety of RoF systems are utilized in the area of transmitting broadband wireless signal such as TV broadcasting signals, mobile phone signals and WiFi (Wireless Fidelity) signals. RoF system consists of optical fibers and microwave-photonic E/O and O/E devices. At E/O converter, optical carrier is modulated by broadband wireless signals, and the modulated optical signal is transmitted through the optical fiber. Then, the broadband wireless signals are regenerated by O/E converter. Microwave photonic devices for the E/O converter could be a LiNbO 3 Mach-Zehnder optical intensity modulator (MZM), an electro-absorption modulator (EAM) and a directly modulated Laser-Diode. In the case of the MZM and the EAM, high-speed modulation up to 40 GHz can be achieved for 40 Gbps digital communication systems [1] . Various types of photo diode have been used for the O/E converter. In the case of a Uni-traveling carrier photodiode (UTC-PD), 1 THz receiving bandwidth has been achieved [2] , [3] .
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Structure of Standardization

Fundamental Structures of IEC Standardization
Standardizations of electronics devices and systems are mainly performed in IEC. Standardization of RoF transmitter is standardized in the IEC TC103. Table 1 shows project stages and associated documents of IEC [4] . Figure 2 illustrates the standardization procedure of IEC [4] , [5] . Proposals to apply the fast-track procedure may be made some process in Fig. 2 . One of the fast-track procedures is using publicly available specification that procedure needs only once voting for publication. First publication of our standardization is IEC/PAS 62593/Ed.1 [6] . Currently, we have four approved new work items that were developed during the expert meetings with consideration of experts'
Copyright c 2013 The Institute of Electronics, Information and Communication Engineers Table 1 Project stages and associated documents [4] . comments [7] - [10] . IEC TC103/WG5 decided that the documents should be promoted from the Working Draft (WD) stage to the Committee Draft (CD) stage. The documents are currently approaching the final committee draft phase of the IEC approval process.
After this section, an overview of these four documents is described.
Reference Model and Related Technical Committees of TC103
Related topics of optical devices for digital communication systems are treated in TC86. The Hybrid Fiber-Coax (HFC) transport network (HFC) is treated in TC100/TA5. Figure 3 shows the reference model of each TC. Electrical passive devices for high frequency (RF and microwave) range are treated in TC46. However, E/O and O/E devices are mainly used RoF transmitters. For these reason, these devices and RoF transmitter system is treated in TC103/WG5. 
Standardization for Measurement Method of E/O Conversion Device
SWG1 of TC103/WG5 is in charge of standardizing the measurement method for E/O conversion devices. Our standardized methods are described in [6] Our new work item proposal (NWIP) of the International Standard also has been accepted and the project was registered as IEC 62801 Ed. 1.0 [7] . Now the revised draft is ready to be circulated as CDV. CDV is the last possible moment at which changes can still be made to the content of an International Standard. Method B, C and D are the method for measuring the half-wavelength voltage and chirp parameter of MZM more than 10 GHz [11] - [13] that has been also approved as a NWIP [9] , [12] . The project was registered as IEC 62802 Ed. Table 2 Comparison between method A, B, C and D. dio on Fiber (RoF) Systems" [9] . The revised draft will be circulated shortly to National Committees as CD for comment. This stage is the principal stage at which comments from member countries are taken into consideration, with a view to reaching consensus on the technical content.
Measurement Principle of Half-Wavelength Voltage
for Low Frequency Range [6] , [7] The method for measuring the half-wavelength voltage of LiNbO 3 Mach-Zehnder optical intensity modulator, using standard electrical oscilloscope, is described here. Figure 4 shows the driving voltage, such as Vπ, measurement setup. The optical output power of MZM is given by:
where Φ 1 and Φ 2 are the phase changes caused by the highfrequency RF signal (SG1) and low frequency RF signal (SG2) that due to the bias voltage, respectively. Vπ is the half-wavelength voltage at the RF signal frequency f , V pp is the peak-to-peak voltage amplitude of the high-frequency wave, and I 0 is the maximum optical output power. The time average power of I, I' is calculated by, = f
Then, we get Eq. (5)
Where,
When the input RF signal is tuned so that the relation
can be satisfied, the zero-order Bessel term in Eq. (5) becomes zero and the time average of the optical output power becomes constant. As shown in Fig. 5 , there are many voltage amplitudes at which the AC component of I' goes down to zero; V pp min denotes the lowest one. Figure 6 shows the measurement process of using a synchronizing oscilloscope. In order to easily find the state where the optical output is constant, a low frequency signal for monitoring (SG2) is superimposed on the RF signal. By adjusting the RF voltage amplitude of the high-frequency signal (SG1), the status can be observed where the monitored signal (SG2) amplitude shows the minimum value. At this status, the waveform of the monitor signal is observed as a flat line (Fig. 6(b) ) on the oscilloscope screen. Vπ at the frequency of SG1 can be calculated from the measured result of P S 1 dBm using the following relation: 
In the case of the characteristic impedance of the electrode of the LN modulator Z 0 = 50 Ω, Vπ can be estimate by:
Round Robin Test Results
International round robin (RR) tests were performed from 2007 to 2008. Singapore, France, Portugal, China and Japan joined this international RR test. Figure 7 shows the measured Vπ voltage and standard deviations of a traveling wave electrode type MZM. The standard deviation of this measurement is less than 6.4%. Figure 8 shows the measured Vπ voltage and standard deviations of a resonant electrode type MZM. The standard deviation of this measurement is less than 5.0%. These measurement results show good agreement using our standardization procedure. The method for measuring the half-wavelength voltage of the MZM (Method B, C and D), using optical spectrum analyzer (OSA), is described here. When a single-tone RF signal is applied to the modulator, the optical output would have sideband components whose frequency separation is equal to the frequency of the single-tone RF signal. The induced optical phases in a MZ modulator can be calculated from the intensities of the optical sideband components measured by the OSA. When the input RF power or voltage is also measured at this condition, the half-wavelength voltage (Vπ) can be determined. This measurement can be achieved through a wide frequency range more than 10 GHz, which depends on the minimum resolution of OSA.
Optical output of an MZM is given by, 
where φ B1 and φ B2 are the optical phase delays at two arms in the Mach-Zehnder interferometer in the modulator. The phase difference φ B can be controlled by dc bias voltage applied on the electrode of the modulator. E i e iω 0 t is the electric field of the input lightwave, where ω 0 is the angular frequency of the input lightwave and ω m is that of the RF signal. A 1 and A 2 are the optical phase retardation due to the RF signal fed to the electrode in the modulator. J n is the first kind Bessel's function. Intensities of sideband components, which correspond to the n-th order terms in Eq. (9), can be measured by using an OSA. Thus, we can get nonlinear simultaneous equations for A 1 and A 2 . The half-wavelength voltage V π was derived from A 1 and A 2 by using
If we consider the case of a small amplitude modulation where A 1 and A 2 < 1, the chirp parameter, the ratio of the amplitude modulation and the phase modulation, can be described by
where the dc bias is φ B = π/2, which corresponds to an optimal condition for small amplitude modulation. A 1 and A 2 have opposite polarity in properly designed MZMs using push-pull configuration which provides effective intensity modulation. If the modulator has a symmetric structure with respect to the optical waveguide, A 1 equals −A 2 , so that α 0 equals 0, which corresponds to a zero-chirp modulator. Assuming that nonlinear optical effects except the Pockels effect are negligible, the ratio between A 1 and A 2 does not depend on the intensity of the electric signal. Thus, α 0 is also an intrinsic parameter of the modulator. There are various options in selection of the simultaneous equations.
Measurement Principle of Half-Wavelength Voltage and Chirp Parameter with Fixed Dc-Bias Condition (Method B) [12]
The ratio between the n-th and (n+1)-th order sideband intensities in the optical spectrum is expressed by
If the electrode is not dc-coupled, the phase difference φ B cannot be controlled by the bias voltage. Thus, we need to solve simultaneous equations for φ B , A 1 and A 2 . For example, by using three equations, R 0 , R 1 , and R 2 , we can obtain φ B , A 1 and A 2 . When φ B can be precisely controlled, A 1 and A 2 can be determined from two of R n ' s. The number of equations is equal to that of unknown variables, but these equations are transcendental. Thus, several solutions may be derived, and some of them may have no physical meaning. Actual solutions can be obtained by using more equations than the number of unknown variables.
Measurement Principle of Half-Wavelength Voltage and Chirp Parameter Using Dc-Bias Sweep (Method C) [12]
Factor cos φ B in Eq. (12) shows the connection between the optical spectrum and the dc-bias voltage. φ B depends on the environmental conditions, which is known as dc-drift. Because the half-wavelength voltage Vπ does not change much, the effect of dc-drift can be eliminated by sweeping the dc-bias voltage across two times Vπ for dc, which corresponds to a period of cos φ B The ratio of the optical sideband intensities is expressed by
and does not depends on the dc-bias voltage, so A 1 and A 2 can be precisely determined.
Measurement Principle of Half-Wavelength Voltage and Chirp Parameter Using Minimum Transmission
Bias and Maximum Transmission Bias (Method D) [12] If the φ B can be precisely controlled, A 1 and A 2 can be obtained from the 0-th and 1st order sideband components, where two types of dc-bias conditions are used. The intensity of the n-th order sideband can be expressed by,
When no RF signal is applied to the modulator, A 1 and A 2 are equal to zero. The optical power is given by
P 0 depends on the dc-bias and E 2 i shows the peak power of the optical output without RF signal input. We use two dc-bias points, the maximum transmission bias φ B = 0 (P 0 = E 2 i ), and the minimum transmission bias φ B = π (P 0 = 0). At the maximum transmission bias P 0 has the maximum (P 0a ), while P 1 has the minimum. At the minimum transmission bias P 1 has the maximum (P 1b ), while P 0 has the minimum. Thus, we can accurately measure P 0 at the maximum transmission bias, and P 0 at the minimum transmission bias, because the other spectral components are much smaller than the desired component. P 0a and P 1b are normalized by E 2 i , and expressed by 
Standardization for Measurement Method of O/E
Conversion Device [10] , [14] - [16] SWG2 of TC103/WG5 is in charge of standardizing the measurement method for O/E conversion devices. The proposed method is described here. Our NP of the measurement method was accepted and registered as IEC 62803 Ed. 1.0 (NP) [10] . Our method is based on the heterodyne principle. The method utilizes a MZM for generating two-tone lightwaves as stimulus signals, to provide simpler and easier methods than the conventional method utilizing a complex twolaser system phase-locked with each other. Figure 9 shows the measurement setup of our method. Figure 10 shows a generated two-tone lightwave using nested MZM of Fig. 9 . A two-tone lightwave illuminates the DUT (Device Under Test) as a stimulus signal. The two-tone stimulus lightwave is generated by using an MZM at null bias or at full bias with an optical band rejection filter. The average powers of the input two-tone lightwave and that of the output monotone RF signal are measured, and the conversion efficiency at the frequency is calculated from them. By changing the frequency difference between the two tones, the frequency response of O/E conversion efficiency of the DUT is obtained.
An MZM optical output modulated by a monotone RF signal can be expressed by (18) where P opt is the total average power, and ω RF is the angular frequency of modulating RF signal that corresponds to the angular frequency difference between adjacent optical tones. As an example, two-tone signal generation by an MZM with null-bias is described in this section. When
an ideal well-balanced optical two-tone consisting of P ±1 can be generated, where the following conditions should be satisfied.
1. Suppression of optical carrier and higher order sidebands should be large enough. 2. Frequency difference between the two desired components should be stable. 3. Polarizations of the two spectral components should be well aligned. 4. Power difference of the two spectral components should be small enough.
The instantaneous optical power P opt illuminating the PD is calculated as
(n −1, +1)
where φ = φ −1 − φ +1 , and |E n | (n −1, +1) related terms are neglected from the last equation. The PD under test outputs a DC and an RF photocurrent as a response. The RF photocurrent i RF is expressed as
where κ is the frequency response of the PD under test at 2ω RF , and I RF is the peak photocurrent. The average RF power P RF driving a load Z L of 50 Ω is expressed as
From Eqs. (21) and (22), the frequency response κ of the PD is calculated as
Note that κ can be calculated only from the input optical and Table 3 O/E devices for trial measurement. the output RF average powers of the PD under test, which are traceable to the national standards with relatively short traceability chain. In this method, κ does not depend on frequency response of the MZM used for two-tone generation.
As for the PDs under trial measurement, we use two PDs with different 3 dB bandwidths listed in Table 3 . Figure 11 shows the results of the trial measurement from 1 GHz to 50 GHz frequency range. Their performance difference in 3 dB bandwidth is clearly demonstrated.
Technical Specification of RoF Transmitter to Con-
form Spectral Emission Standards [8] SWG3 of TC103/WG5 is in charge of standardizing RoF systems. The first NP concerning the system is the technical specification (TS) of RoF transmitter which was accepted and registers as IEC 62800 Ed. 1.0 "Radio on Fiber System conforming to different Spectral Emission Standard" [8] . Our proposed TS is described here. This Technical Specification specifies the parameters of the Radio on Fiber (RoF) system to conform to different spectral emission standards of mobile communication system and digital terrestrial television broadcasting (DTTB) defined by ITU-R (International Telecommunication UnionRadio communication Sector) Recommendations. Figure 12 shows a reference model of RoF transmitter. The reference model consists of E/O and O/E modules that are connected to a transceiver or antenna, optical networks, and E/O and O/E modules that are connected to a transceiver or antenna at another location. The configuration may also include a receiving antenna in place of a transceiver, such as in the case of a broadcast signal repeater. Considerations for the target system are listed below.
• RoF systems including the sub carrier multiplexing (SCM) systems that perform analog optical modulation of single-channel or multiple-channel signals.
• "Digital RoF" transmission systems, in which a highfrequency modulated signal is converted to a digital signal (analog to digital conversion) for transmission and the digital output of the OE is then converted to analog (digital to analog conversion) are outside the application of this specification.
• Link configuration: the optical networks part can have any configuration.
The spectrum mask and the unwanted emission are specified as the signal quality factors to be satisfied as hardware specifications. For the downlink transmission signal, the break point specifications are listed in Table 3 and the spectrum mask is shown in Fig. 13 . In the DTTB system A [17] , B [18] , and C [19] are defined in ITU-R Recommendation BT.1306-6 [20] . P sig indicate an average signal power per channel. The equipment must satisfy the specifications at the terminal for connection to the antenna. For the purpose of dealing with the DTTB systems and mobile communication together, the offset frequencies from center frequency are represented by coefficients. To convert from the coefficients to frequencies, multiply by 3 MHz, 3.5 MHz, or 4 MHz for DTTB and multiply by 2.5 MHz for mobile communication. The frequencies in parentheses in Table 4 are frequencies applied to 6-MHz bandwidth DTTB systems A and C as one example. In the case of determining the spectral mask, for multiple adjacent channel signals and the spectral mask is applied at the break point on the low frequency side of the lowest carrier wave and at the break point on the high frequency side of the highest carrier wave.
To prevent interference with other radio services, filters that suppress unwanted emission in the relevant frequency bands are recommended.
Equipment that radiates DTTB signals satisfy the specifications listed in 
Conclusion
This paper described the outline of standardization activities for Radio on Fiber (RoF) transmitter of IEC TC103/WG5. The outline of the proposed standards such as measurement method of E/O devices, O/E devices and acceptable technical specification of RoF transmitter are described. The National Committee of TC103/WG5 proposed four new work items. One is a committee draft, the second a technical specification, and two others are new work item proposals. These documents are now drafted by TC103/WG5. The scope of RoF transmitter technology is expanding rapidly, according to the increase of number of wireless devices and systems. Furthermore, the standardization needs of RoF transmitter are more increasing. Therefore, the standard of TC103/WG5 is very important for future wireless communication devices, systems and infrastructures.
